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Abstract
Charmless b-hadron decays are suppressed in the Standard Model by tiny CKM matrix elements which brings the
tree amplitudes to levels comparable with loop amplitudes, and potentially New Physics amplitudes. CP violation
measurements using Dalitz plot analyses in multi-body decays allow to disentangle these various contributions. In
this document we report about the most recent measurements from LHCb in this sector. Firstly, the study of direct CP
asymmetries over the Dalitz plane of the B+ → π+h+h− decays and the B+ → K+h+h− decays (where h = π, K), will
be presented (through this document the inclusion of charge conjugate is always implied, unless explicitly stated).
Then the results obtained studying the B+ → pp¯h+ decays will be shown. The measurements of the branching ratio
of the B+ → Λ¯(1520)p (with Λ¯(1520) → p¯K+), of the forward-backward asymmetry of the light meson (π or K) in
the pp¯ rest frame and of the direct CP asymmetry over the B+ → pp¯h+ Dalitz plane will be discussed.
Keywords: CP violation, b-hadron decays, Dalitz plot analysis
1. Introduction
Decays of B mesons to three-body hadronic charm-
less ﬁnal states provide an interesting environment to
probe the Cabibbo-Kobayashi-Maskawa (CKM) mech-
anism [1, 2] that generates CP violation in the Stan-
dard Model (SM). Moreover these decays receive non-
negligible contributions from loop topologies. New par-
ticles beyond the SM may appear as virtual contribu-
tions inside the loops leading to discrepancies of the
CP violation observables with respect to their predic-
tions. Even if on the one hand the loop diagrams repre-
sent a good laboratory for discovery, on the other hand
the interpretation of the observables in terms of CKM
parameters is non-trivial. In fact, CP violation arises
from the interference between processes with diﬀerent
weak and strong phases. Since the source of the strong
phase diﬀerence in these processes is not well under-
stood, the potential for discovery provided by charmless
charged three-body B decays is limited by theoretical
uncertainties. Possible sources of the strong phase dif-
ference are the interference between intermediate states
of the decay [3, 4], or ﬁnal-state KK ↔ ππ rescatter-
ing, which can occur in decay channels with the same
quantum numbers [5, 6, 7, 8]. Eﬀects of SU(3) ﬂavour
symmetry breaking can also be used to explain the ob-
served patterns of asymmetries [9, 4, 10]. The analysis
of CP asymmetries over the Dalitz plane provides ad-
ditional information to probe these hypotheses and to
better constrain the hadronic parameters.
In this document we present the most recent and most
relevant results obtained by the LHCb experiment [11]
in the study of these decays performed using the p − p
collsisions recorded during 2011 and 2012, correspond-
ing to an integrated luminosity of 1 fb−1 at
√
s = 7 TeV
and 2 fb−1 at
√
s = 8 TeV.
2. Direct CP violation in B+ → π+h+h− and B+ →
K+h+h− decays
Theoretical predictions regarding direct CP viola-
tion in three-body charmless B decays are mostly based
on quasi-two-body decays to intermediate states [12].
Thanks to the rich set of resonances and to their inter-
ference pattern these decays favour the investigation of
charge asymmetries localized in the phase space. In the
past the BaBar and Belle experiments at the B-factories
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Figure 1: In the top plot: invariant mass spectra for the π+π+π− (a) and π+K+K− (b) ﬁnal states. In the bottom plot: invariant mass spectra for the
K+π+π− (a) and K+K+K− (b) ﬁnal states. The results of the best ﬁts are overlaid on the data points. The shapes for the various contributions to the
spectra are also drawn.
performed amplitude analyses of the B+ → π+K+K−
and B+ → K+K−K+ decays reporting evidence of CP
violation in the intermediate channel ρ0K+ [13, 14] and
more recently in the channel φK+ [15]. However, the
inclusive CP asymmetries of all the four ﬁnal states
considered, namely K+π+π−, K+K−K+, π+K−K+ and
π+π+π−, were found to be consistent with zero [16, 17].
LHCb, using the data sample collected in p-p colli-
sions during 2011, measured the inclusive CP-violating
asymmetries for B+ → π+π+π+, B+ → π+K+K−, B+ →
K+π+π− and B+ → K+K+K− decays. The CP asymme-
try in B+ decays to a ﬁnal state f + is deﬁned as
ACP(B± → f ±) = Γ(B
− → f −) − Γ(B+ → f +)
Γ(B− → f −) + Γ(B+ → f +) ,
where Γ is the instantaneous decay rate of the pro-
cess (charge-conjugation is not implied in the equation
above) and f ± can be π±π+π−, π±K+K−, K±π+π− and
K±K+K−. A study of ACP over the Dalitz plane of the
decays has also been performed.
The events used in this analysis are selected by a
multi-level trigger [18], consisting in a hardware stage,
selecting events on the basis of information provided
by calorimeters and muon detectors, followed by two
software stages performing a full event reconstruction.
The ﬁrst software stage performs an inclusive selection
of events, requiring the presence of at least one track
with large momentum, transverse momentum (pT ) and
impact parameters with respect to the reconstructed p-
p interaction vertex (primary vertex or PV). The sec-
ond software stage ﬁrstly uses the combination of two,
three or four tracks with a large sum of their transverse
momentum to reconstruct secondary vertices displaced
with respect to the PV. Then a multi-variate algorithm
is used to select those vertices more consisten with the
decay of a B hadron. Three high-pT charged tracks with
a small distance of closest approach between any two
of them are ﬁtted oﬄine to a common vertex building
the B+ candidates. Further requirements are applied to
the quality of the common vertex ﬁt and to the angle
between the B+ momentum and its direction of ﬂight
in order to reduce the combinatorial background. Fi-
nally the various ﬁnal states are separated by means of
particle identiﬁcation information, provided by the two
ring-imaging Cherenkov detectors [19]. Speciﬁc back-
ground pollutions coming from charm contributions are
removed vetoing the invariant mass region around the
D0 peak in the π+π−, K−π+ and K+K− ﬁnal state hy-
potheses. The contribution of the B+ → J/ψK+ decay
is also excluded from the K+π+π− ﬁnal state spectrum
removing the mass region 3.05 < mπ+π− < 3.15 GeV/c2.
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Figure 2: In the top plot: asymmetries of the number of events (including background) in bins of the Dalitz plot for (a) B+ → π+π+π− and (b)
B+ → π+K+K− decays; the inset ﬁgures show the projections of the number of events in bins of (a) m2
π+π− , low for m
2
π+π− , high > 15 GeV
2/c4
and in bins of (b) m2K+K− . In the bottom plot: asymmetries of the number of signal events in bins of the Dalitz plot for (a) B
+ → K+π+π− and
(b) B+ → K+K+K− decays; the inset ﬁgures show the projections of the background-subtracted events in bins of (a) m2
π+π− for m
2
K+π− , high < 15
GeV2/c4 and in bins of (b) m2K+K− , low for m
2
K+K− , high < 15 GeV
2/c4. No acceptance correction has been applied to the samples used to produce
the plots.
Unbinned extended maximum likelihood ﬁts to the
charge-conjugate invariant mass spectra of the selected
B+ candidates are performed, in order to extract the
quantity
ARAW =
N(B− → f −) − N(B+ → f +)
N(B− → f −) − N(B+ → f +) ,
where N(·) are the signal yields extracted from the ﬁts.
The two charge-conjugated invariant mass spectra (for
each of the four ﬁnal states) are reported in Figure 1,
with the result of the best ﬁt overlaid. Extracted signal
yields are reported in Table 1. The signal components
are parameterised by so-called Cruijﬀ functions [20]
to account for the asymmetric eﬀect of ﬁnal-state ra-
diation on the signal shape. The combinatorial back-
ground is described by an exponential function, and the
background due to partially reconstructed four-body B
decays is parameterised by an ARGUS function [21]
convolved with a Gaussian resolution function. Shape
and yields of the cross-feed backgrounds (coming from
decays with one misidentiﬁed particle) are determined
using fully simulated events. The direct CP asymme-
tries are extracted from ARAW using the relation ACP =
ARAW − AΔ, where the correction AΔ = Adet. + Aprod. is
Decay Yields
B+ → π+π+π− 4904 ± 148
B+ → π+K+K− 1870 ± 133
B+ → K+π+π− 35901 ± 327
B+ → K+K+K− 22119 ± 164
Table 1: Signal yields extracted from the ﬁts reported in Figure 1.
a term that takes into account the detection asymmetry
(Adet.) between the charge-conjugate ﬁnal states and the
asymmetry in the production rate of B+ and B− mesons
(Aprod). For the B+ → K+π+π− and B+ → K+K+K−
decays the correction AΔ is determined from data us-
ing the sample of B+ → J/ψK+ decays passing the
same selection stages of the signal sample (apart from
particle identiﬁcation cuts that are applied only to the
kaon). This control channel not only shares the same
topology with the signals, but it has also been proven
that the kaons from the control channel have similar
kinematics with respect to those coming from signal de-
cays. Consequently AΔ = ARAW(J/ψK+)−ACP(J/ψK+),
where ACP(J/ψK+) = (0.1 ± 0.7)% is taken from the
world average [22]. In the case of the B+ → π+π+π−
and B+ → π+K+K− decays, the detection asymmetry
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Figure 3: In the top plots: invariant mass spectra of the (left) B+ → pp¯K+ and (right) B+ → pp¯π+ candidates. The results of the best ﬁts
to the spectra are overlaid. The components are represented by blue dashed (signal), purple dotted (cross feed), red long-dashed (combinatorial
background), and green dash-dotted (partially reconstructed background) curves. In the bottom plot: background-subtracted and acceptance-
corrected Dalitz-plot distributions for B+ → pp¯K+ decays (left) and B+ → pp¯π+ decays (right).
is due to the pion detection asymmetry, already mea-
sured by LHCb [23] to be Adet.(π+) = 0.0000 ± 0.0025.
The production asymmetry Aprod. is determined again
from B+ → J/ψK+ decays, using the relation Aprod. =
ARAW(J/ψK+) − ACP(J/ψK+) − Adet.(K+). The kaon
detection asymmetry is taken from Adet.(K+π−) deter-
mined in [24], using D∗-tagged D0 → K−π+ and D0 →
K+K− decays and untagged D0 → K−π+ decays, and
corrected for Adet.(π+).
In order to take into account the variation of detec-
tion eﬃciencies across the Dalitz plane, an acceptance
correction is applied to the integrated raw asymmetries.
Simulated samples of B+ and B− decays are reweighted
in order to reproduce the population observed in data
over the phase space. Then the ratio between the av-
erage eﬃciencies determined for the reweighted sam-
ples of B+ and B− is used as correction factor. More-
over, in order to take into account an asymmetry intro-
duced by the hadronic trigger, the analysis is performed
on two separate subsamples: one composed by the can-
didates responsible for ﬁring the hadronic trigger, and
the other composed by the events where any other trig-
ger would have ﬁred independently on the signal can-
didates. The ﬁnal values for the integrated CP asym-
metries are then obtained from a weighted average of
the results from the two sub-samples. Fit model, trig-
ger induced asymmetries and phase-space acceptance
corrections are considered as possible sources of sys-
tematic uncertainties. The impact of the chosen ﬁtting
model is estimated ﬁtting data with alternative parame-
terization for the shapes of signal, combinatorial back-
ground, partially reconstructed background and cross-
feed background components. The deviation from the
nominal results are accounted for as systematic uncer-
tainties. Systematic uncertainties due to trigger asym-
metries are estimated using the B+ → J/ψK+ decays as
control channel. An incorrect modelling of the accep-
tance correction has been taken into account summing
in quadrature the uncertainty coming from the limited
statistics of the simulated samples and the variation ob-
served changing the binning scheme of the acceptance
map.
The results obtained for the inclusive CP asymme-
tries are
ACP(π+K+K−) = −0.141 ± 0.040 ± 0.018 ± 0.007 [25],
ACP(π+π+π−) = 0.117 ± 0.021 ± 0.009 ± 0.007 [25],
ACP(K+π+π−) = 0.032 ± 0.008 ± 0.004 ± 0.007 [26],
ACP(K+K−K+) = −0.043 ± 0.009 ± 0.003 ± 0.007 [26],
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where the ﬁrst uncertainty is statistical, the second is the
experimental systematic, and the third is due to the CP
asymmetry of the B+ → J/ψK+ reference mode [22].
The signiﬁcances of the inclusive charge asymmetries,
calculated by dividing the central values by the sum in
quadrature of the statistical and both systematic uncer-
tainties, are 3.2σ for the B+ → π+K+K− decay, 4.9σ for
the B+ → π+π+π− decay, 2.8σ for the B+ → K+π+π−
decayi and 3.7σ for the B+ → K+K+K− decay.
In addition to the inclusive charge asymmetries, also
a study of the asymmetry distributions in the Dalitz
plane is performed. In Figure 2 (top) the raw asym-
metry of the number of candidates in the π+K+K− and
π+π+π− spectra is plotted across the Dalitz plane. No
background subtraction or acceptance correction is ap-
plied, but the candidates are requested to lie within ±3
times the invariant mass resolution around the B+ mass.
In the analysis of B+ → K+π+π− and B+ → K+K+K−
decays a background subtraction (but not an acceptance
correction) is applied to the candidates in order to pro-
duce the asymmetry plots over the Dalitz plane shown
in Figure 2 (bottom). The CP asymmetries are further
studied, following the same strategy used for the global
asymmetries, in regions of the Dalitz planes where
large raw asymmetries have been evidenced. These re-
gions, that are not obviously associated with any res-
onance, are deﬁned as: m2π+π−, high > 15 GeV
2/c4 and
m2π+π−, low < 0.4 GeV
2/c4 for the π+π+π− mode; m2K+K− <
1.5 GeV2/c4 for the π+K+K− mode; m2K+K−, high <
15 GeV2/c4 and 1.2 < m2K+K−, low < 2.0 GeV
2/c4 for
the K+K+K− mode; m2K+π− < 15 GeV
2/c4 and 0.08 <
m2π+π− < 0.66 GeV
2/c4 for the K+π+π− mode. The local
charge asymmetries are found to be very large:
Areg.CP (π
+K+K−) = −0.648 ± 0.070 ± 0.013 ± 0.007 [25],
Areg.CP (π
+π+π−) = 0.584 ± 0.082 ± 0.027 ± 0.007 [25],
Areg.CP (K
+π+π−) = 0.678 ± 0.078 ± 0.032 ± 0.007 [26],
Areg.CP (K
+K+K−) = −0.226 ± 0.020 ± 0.004 ± 0.007 [26].
3. Measurements of CP violation and decay dynam-
ics in B+ → pp¯h+ decays
The large values of the CP asymmetries reported in
the previous section, triggered interest in the study of
CP violation in B+ → pp¯h+ decays. In fact the large
localized asymmetries, not associated with any partic-
ular resonance, suggest the presence of a large strong
phase diﬀerence due to the rescattering between π+π−
and K+K− decays. The baryonic B+ → pp¯h+ de-
cays, although sharing the same quark-level diagrams,
may exhibit diﬀerent behaviour due to the baryonic na-
ture of two out of the three ﬁnal-state particles. Using
the data sample collected by LHCb during 2011 and
2012, LHCb studied these baryonic decays in the re-
gion with invariant mass mpp¯ < 2.85 GeV/c2, i.e. be-
low the charmonium resonances threshold. In addition,
an accurate measurement of the branching fraction of
the decay B+ → Λ¯(1520)p (where Λ¯(1520) → K+ p¯)
is performed. Finally an improved determination of the
forward-backward asymmetry of the light meson of the
decay in the pp¯ rest frame is provided.
The event selection is similar to that presented in
the previous section, but in this case the ﬁnal reﬁne-
ment of the candidates is performed using a Boosted
Decision Tree (BDT) multivariate algorithm, that dis-
criminates between signal and background on the basis
of kinematic and geometrical variables. The invariant
mass spectra for the pp¯K+ and pp¯π+ ﬁnal states are re-
ported in Figure 3 (top), with the result of the maximum
likelihood ﬁts overlaid. Signal, combinatorial back-
ground, partially reconstructed background and cross-
feed background components have been considered in
the deﬁnition of the ﬁtting model. Signal yields are
N(pp¯K+) = 18721±142 and N(pp¯π+) = 1988±74 [27].
Background is subtracted assigning to each candi-
date a signal weight computed using the sPlot [28]
technique. The weights are also corrected for recon-
struction eﬃciencies determined using both fully simu-
lated events and calibration data samples. In Figure 3
(bottom) the distributions of corrected signal weights,
over the Dalitz plane are reported. Apart from the re-
gions of clearly visible J/ψ → pp¯, ψ(2S ) → pp¯ and
ηc → pp¯ resonances, events tend to accumulate near
the pp¯ threshold. While B+ → pp¯K+ events occupy
the region at low mK+ p¯, B+ → pp¯π+ candidates prefer
the region at large mπ+ p¯. This diﬀerent behaviour can
be observed also in the distribution of the helicity an-
gle θp of the pp¯ system, deﬁned as the angle between
the light meson h and the oppositely charged baryon in
the pp¯ rest frame. On the left in Figure 4 the distri-
butions of cos θp for background subtracted events and
corrected for the acceptance eﬀects are reported. From
the distributions of cos θp it is possible to measure the
forward-backward asymmetry AFB deﬁned as
AFB =
Npos. − Nneg.
Npos. − Nneg. ,
where Npos. (Nneg.) are the eﬃciency corrected sig-
nal yields with positive (negative) values of cos θp.
Measured values in the charmonium-free region are
AFB(pp¯K+, mpp¯ < 2.85GeV/c2) = 0.495±0.012±0.007
and AFB(pp¯π+, mpp¯ < 2.85GeV/c2) = −0.409±0.033±
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Figure 4: Left plot: background subtracted and acceptance corrected normalized distributions of cos θp (deﬁned in the text) for B+ → pp¯K+ decays
(black dots) and B+ → pp¯π+ decays (empty triangles), for mpp¯ < 2.85 GeV/c2. Right plot: Forward-backward asymmetry (AFB) in bins of mpp¯ for
B+ → pp¯K+ and B+ → pp¯π+ decays. In both plots the data points are shown with their total uncertainties.
0.006). Systematic uncertainties are due to the determi-
nation of reconstruction eﬃciencies and are studied us-
ing calibration samples and fully simulated events. In
particular the value of AFB(pp¯K+, mpp¯ < 2.85GeV/c2)
contradicts the short-range analysis expectation [29].
A strong dependence of AFB on the value of mpp¯ is
also observed, as evidenced on the right plot in Fig-
ure 4. The determination of the branching ratios of the
B+ → Λ¯(1520)p (with Λ¯(1520)→ K+ p¯) and of the non
resonant decay B+ → pp¯π+ ( in the mpp¯ < 2.85 GeV/c2
region) are obtained relatively to the branching ratio
of the B+ → J/ψh+ decays ( with J/ψ → pp¯). The
yields for the various contributions are extracted from
two-dimensional extended unbinned maximum likeli-
hood ﬁts to the invariant mass distributions of pp¯h+ and
pp¯ or K+ p¯ spectra. Ratios of yields are corrected for
the relative reconstruction eﬃciencies, determined us-
ing fully simulated events (for the reconstruction eﬃ-
ciencies) and calibration samples (for the eﬀect of parti-
cle identiﬁcation requirements). The relative branching
ratios are:
BR(B+ → Λ¯(1520)(→ K+ p¯)p)
BR(B+ → J/ψ(→ pp¯)K+)
= 0.033 ± 0.005 ± 0.007,
BR(B+ → pp¯π+, mpp¯ < 2.85GeV/c2)
BR(B+ → J/ψ(→ pp¯)π+)
= 12.0 ± 1.2 ± 0.3.
Systematic uncertainties also include contributions
from the background model. Using as input the ex-
ternal measurements BR(B+ → J/ψK+) = (1.016 ±
0.033) × 10−3, BR(B+ → J/ψπ+) = (4.1 ± 0.4) × 10−5,
BR(J/ψ → pp¯) = (2.17 ± 0.07) × 10−3 [22], and
BR(Λ(1520) → K−p) = 0.234 ± 0.016 [30], the ab-
solute branching ratios are
BR(B+ → Λ¯(1520)(→ K+ p¯)p)
= (3.15 ± 0.48 ± 0.07 ± 0.26 (BF)) × 10−7,
BR(B+ → pp¯π, mpp¯ < 2.85GeV/c2)
= (1.07 ± 0.11 ± 0.03 ± 0.11 (BF)) × 10−6,
where the last errors are due to the external inputs for
the branching ratios. The dependence of the direct CP
asymmetry over the phase space of the B+ → pp¯K+
decays (the B+ → pp¯π+ sample has not enough statis-
tics to perform this kind of studies) has been investi-
gated using signal weights inferred from the ﬁts shown
in Figure. 3. The raw asymmetry is reported in Fig-
ure 5 (left). A clear pattern can be observed near the mpp¯
threshold, where the raw asymmetry results to be neg-
ative in the region m2K+ p¯ < 10 GeV
2/c4 and positive in
the region m2K+ p¯ < 10 GeV
2/c4. Figure 5 (right) shows
the value of N(B−) − N(B+) in bins of mpp¯ for the two
mK+ p¯ regions. The eﬀect is quantiﬁed extracting raw
asymmetries from unbinned maximum likelihood ﬁts to
the pp¯K+ invariant mass in diﬀerent bins of the Dalitz
plane. The raw asymmetries are corrected for accep-
tance, by taking into account the small diﬀerence in av-
erage eﬃciency due to the B− and B+ samples and pop-
ulating diﬀerently the Dalitz plane. Detection asymme-
try and production asymmetry corrections are studied
from B+ → J/ψ(→ pp¯)K+ decays, accounting also for
diﬀerences in the pp¯ momentum asymmetries. In Ta-
ble 2 the values of ACP for diﬀerent regions of the phase
space are reported (including those of resonant modes).
In the region mpp¯ < 2.85GeV/c2, m2K+ p¯ > 10 GeV2/c
4,
the measured asymmetry is positive with a signiﬁcance
of nearly 4σ, which represents the ﬁrst evidence of CP
violation in B-mesons decays with baryons in the ﬁnal
state. For the B+ → pp¯π+ decays a value of ACP in the
charmonium free region deﬁned by m2pp¯ < 2.85 GeV/c
2
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Figure 5: In the left plot: raw asymmetry of signal events in bins of the Dalitz plane for B+ → pp¯K+ decays. In the right plot: diﬀerence between
the number of B+ and B− events in bins of m2pp¯ for m2K+ p¯ < 10 GeV
2/c4 (black dots) and for m2K+ p¯ > 10 GeV
2/c4 (empty triangles).
Table 2: CP asymmetries for B+ → pp¯K+ and B+ → pp¯π+ decays, in diﬀerent regions of the phase space. The systematic uncertainties are
dominated by the precision on the measurement ACP(B+ → J/ψK+).
Mode/region ACP
ηc(→ pp¯)K+ 0.040 ± 0.034 ± 0.004
ψ(2S )(→ pp¯)K+ 0.092 ± 0.058 ± 0.004
pp¯K+, mpp¯ < 2.85 GeV/c2 0.021 ± 0.020 ± 0.004
pp¯K+, mpp¯ < 2.85 GeV/c2, m2K+ p¯ < 10 GeV
2/c4 −0.036 ± 0.023 ± 0.004
pp¯K+, mpp¯ < 2.85 GeV/c2, m2K+ p¯ > 10 GeV
2/c4 0.096 ± 0.024 ± 0.004
pp¯π+, mpp¯ < 2.85 GeV/c2 −0.041 ± 0.039 ± 0.005
has been measured. The systematic uncertainties are es-
timated by using alternative ﬁt functions and splitting
the data sample according to trigger requirements and
magnet polarity. Overall systematic uncertainties are
dominated by the value used for ACP(B+ → J/ψK+).
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